The scope of trainee misinterpretations on pediatric neuroimaging studies has been incompletely assessed. Our aim was to evaluate the frequency of trainee misinterpretations on neuroimaging exams in children, describe a useful classification system, and assess related patient management or outcome changes.
O n-call trainee (resident and fellow) initial interpretations of neuroimaging studies during off-hours are common in large pediatric medical centers. Although rendering preliminary reports is currently an integral part of imaging training, discrepancies can occur and potentially impact patient care. There have been a number of studies that have evaluated the discrepancy rates of radiology trainee interpretations of adult neuroimaging studies [1] [2] [3] [4] [5] [6] [7] ; however, to our knowledge, no studies have evaluated this process related specifically to the unique neuroimaging issues encountered in children. Age-related changes in imaging appearance, different disease spectra, and limited exposure to pediatric neuroimaging by radiology trainees can produce additional and unique challenges to accurate interpretation. Our goals for this study were to assess the frequency of trainee misinterpretations on pediatric neuroimaging studies at a large pediatric hospital, describe a useful classification system for misinterpretations and their clinical importance, and assess related patient outcomes.
Materials and Methods
This study was approved by the institutional review board at the Cincinnati Children's Hospital Medical Center.
Trainee Misinterpretation Identification
At our institution, imaging examinations with trainee-dictated reports that were performed without the initial attending radiologist's assessment (off-hours examinations) are tracked within the RIS. Both a resident (years 1-4 during the study period) and a fellow performed in-house preliminary interpretations of off-hours examinations, with most being interpreted by the fellows. These examinations were subsequently interpreted by 1 of 7 staff radiologists working in the neuroradiology section, 4 with CAQs in neuroradiology, 2 with CAQs in pediatric radiology, and 1 with a CAQ in both pediatric radiology and neuroradiology.
For the purpose of this study, neuroimaging examinations included CT and MR imaging examinations of the head, face, neck, and spine as well as CT scans and MRAs of the head and neck. Our institution has a policy and procedure for the communication and documentation of changes to preliminary reports that are recognized as clinically significant by faculty. Clinically significant discrepancies are defined as any alteration in interpretation that results in clinically important changes in the primary diagnosis, differential diagnosis, or recommendations for follow-up imaging or clinical assessment. The policy dictates that the preliminary report is not changed and a standardized macro stating "Final Impression After Attending Radiologist Review: Note: There has Been a Change From the Preliminary Report:" is used to clearly identify that clinically significant discrepancies have been documented by the faculty signing off on that study. When a clinically significant discrepancy is found, the staff radiologist communicates the findings to the clinical service caring for the patient, per department policy.
Using the text search capabilities of our institutional RIS, the standardized macro allowed identification of all preliminary studies in which a clinically significant discrepancy (as defined above) was identified. We retrospectively searched the RIS for all neuroimaging studies interpreted off-hours by a trainee during a consecutive 18-month period (Jan 1, 2008, through June 30, 2009). This included emergency department, outpatient, and in-house patients. We then identified all the examinations in which the standardized macro for clinically significant changes in the preliminary report was used.
Discrepant Interpretation Classification
All imaging examinations with discrepant trainee interpretations were reviewed by 2 CAQ-certified neuroradiologists with fellowship training in both adult and pediatric neuroradiology with 14 and 15 years of postsubspecialty training experience (expert reviewers). Decisions as to the validity of the identified discrepancy were made by consensus. A full patient chart review was performed for each discrepant examination. Each discrepancy was categorized by the type of error and the severity (type 1 through type 5), as demonstrated in Table 1 , by using the best clinical judgment of the expert reviewers and the clinical context of each examination. In our method, discrepancy classification as major (type 1) or minor was based on the potential immediate clinical impact of the misinterpretation. 8 Type 1 (major, life-threatening) discrepancies were defined as those in which the findings were of major clinical importance and the knowledge of which could result in immediate therapeutic plan alterations. These could include (but were not restricted to) the following: subdural or epidural hemorrhage Ͼ2 mm in maximum thickness, intraparenchymal hemorrhage Ͼ5 mm in greatest dimension, any ICH demonstrating mass effect, diffuse edema with signs of increased intracranial pressure, acute hydrocephalus with signs of increased intracranial pressure, missed mass lesion (with significant mass effect or secondary hydrocephalus), nontraumatic subarachnoid hemorrhage, and missed signs of large arterial distribution infarct.
Minor discrepancies (types 2 and 3) were those that were not deemed immediately life-threatening. Although classified as minor for this study, these cases could include serious conditions such as smaller intracranial masses, small foci of traumatic ICH, or a missed cortical malformation. Type 4 discrepancies were possible abnormalities of uncertain significance. Examples would include areas of altered attenuation on CT examinations that could be artifacts but were suspicious enough to warrant comment or further investigation, signal-intensity abnormalities on MR imaging that could be related to technical factors, or questionable fractures versus normal variants of bone (atypical sutures, vascular channels). In this study, we also describe those examinations in which an abnormality was called by the trainee and was thought to be normal by the attending radiologist (overcalls). These were further subclassified by whether they resulted in inappropriate therapy. Although none were identified in this study, an overcall that resulted in an inappropriate surgical or potentially dangerous medical intervention would have been classified as type 1-major, life threatening.
Outcome Assessment
The effects of the discrepant trainee interpretation on patient management and outcome are classified as type 1 through type 5 as demonstrated in Table 2 . A direct treatment change is defined as a surgical or medical intervention that was performed on the basis of the new information provided by the final imaging report. An example of a type 1 clinical outcome would be a small subdural hemorrhage in a trauma patient with another correctly identified ICH, resulting in no management changes. Type 2 clinical outcomes would include cases in which a follow-up imaging study or clinical assessment was performed that otherwise might not have been. An example would be the recall of the patient to the emergency department for follow-up imaging and clinical assessment, with no change in initial treatment plan and no patient morbidity. Type 3 outcomes reflect a change in treatment plan without associated morbidity as a result of the delay, and type 4 outcomes have a change in treatment associated with additional morbidity. A type 5 outcome would occur if a patient death could have been related to the discrepancy in interpretation.
A detailed subclassification was used for assessing the types of discrepant trainee interpretations as demonstrated in Table 3 . Statistical assessment between groups was performed by using a 2-sample 2-sided Z-test for proportions, continuity-corrected to 
Results

Overall Discrepancy Rate
There were a total of 3496 trainee-interpreted examinations during the study period. Of these examinations, there were 158 trainee interpretations that were identified as potentially harboring clinically significant discrepancies by the attending radiologist for an overall discrepancy rate of 4.52%. Of the initial 158 discrepant interpretations, 15 did not harbor a true discrepancy when evaluated by the expert reviewers (9.5% of all discrepant trainee interpretations). The inappropriate identification of interpretations as discrepant was a result of 3 error types on the part of the faculty: 1) re-emphasis or restating the findings dictated by the trainee with no significant change in the findings or differential diagnosis (6 cases), 2) correction of grammatical or voice-recognition errors (5 cases), or 3) discrepancies in which the 2 expert reviewers concurred that the trainee interpretation was a valid one, based on review of the imaging study and the chart (4 cases). Therefore, the final assessed discrepancy rate was 4.1% (143 discrepant interpretations of 3496 examinations). The age range of the patients examined was 1 day to 21 years (mean, 7 years 6 months).
Discrepancy Rate by Examination Type
The types of examinations in which the discrepant interpretations were made are listed in Table 4 . Most occurred in the interpretation of CT studies (131, 92%), most of which were of the head (103, 72%). MR imaging examinations were responsible for a much smaller percentage of the discrepancies (12, 8%). There were 131 discrepancies in 3102 CT examinations and 12 discrepancies in 394 MR imaging examinations for a technique-related discrepancy rate of 4.2% for CT and 3.0% for MR imaging. There was no statistical difference between the discrepancy rates of MR imaging and CT examinations in total. CT examinations of the face, orbit, and neck had a discrepancy rate of 9.4%, which was greater than that for head CT (3.75%), combined head and spine CT (3.84%), and MR imaging.
Clinical Classification of Discrepancies
The type and severity of discrepancies are summarized in Table 1 . Most discrepant trainee interpretations were related to minor findings that were potentially related to the patient's clinical presentation. Major life-threatening discrepancies (type 1) were rare, occurring 6 times for a rate of 0.17%. Four of the 6 were cases of misinterpreted brain edema or hypoxicischemic change (Fig 1) , and 2 were cases of potentially significant traumatic ICH (Fig 2) . Of the 75 discrepant trainee interpretations classified as type 2 (minor, related to clinical presentation), the most common findings included minimal traumatic ICH (14), calvarial fractures (10), abnormal ventricle size (9), focal parenchymal changes (6) , and mass lesions (3). There were 37 type 5 discrepant interpretations (overcalls). Of these, 12 involved possible fractures, typically caused by the misinterpretation of asymmetric or accessory sutures (5 cases) and vascular grooves (3 cases) (Fig 3A) . Seven involved the misinterpretations of ICH, caused by overcalling punctate regions of hyperattenuation in the brain parenchyma and subarachnoid space, likely caused by vessels (3 cases) and typical streak artifacts along the inner table (2 cases). Two of these type 5 discrepancies were classified as resulting in inappropriate therapy (performance of unnecessary follow-up imaging examinations). One of these cases was the overcall of a normal cisterna magna on CT as an arachnoid cyst. Another was the overcall of a potential aneurysm that represented normal pericallosal arteries on CT. Both resulted in inappropriate MR imaging examinations (these patients did not have symptoms that would otherwise warrant MR imaging). No overcalls resulted in inappropriate medical or surgical intervention.
Discrepancy Etiology
Discrepancies were subclassified by etiology, summarized in Table 3 . Misinterpreted fractures were the most common discrepancy (20%) (Fig 3) . There were 11 calvarial fractures, 4 temporal bone or skull base fractures, 11 facial/orbital fractures (2 nasal, 1 mandibular, 5 orbital wall, 1 zygomatic arch, 2 maxilla), and 2 vertebral fractures (1 was missed edema within an upper thoracic vertebral body on MR imaging, and another was missed subtle wedging of the C6 vertebral body on CT). Misinterpreted ICH was the next most common discrepancy (16%) (Fig 4) . Locations of misinterpreted ICH (23 cases, all traumatic) included 11 subdural, 5 subarachnoid, 4 intrapa- renchymal, and 1 intraventricular. Disagreements in evaluation of ventricular size assessment were noted in 11 (8%) cases. Incorrectly identified diffuse brain edema accounted for 9 (6%) errors. For CT examinations of the face, orbit, and neck (20 discrepant cases), the most common misinterpretations were related to trauma of the orbit and facial structures (10 cases: 6 fracture misinterpretations and 4 missed soft-tissue findings) and to inflammatory disease (7 cases) (Fig 5) . Of these 20 cases, 5 were overcalls. There were a relatively small number of MR imaging examinations with initial trainee interpretations during the study period. There were 12 discrepancies, 7 of which involved MR imaging scans of the brain. Of these, 6 were related to misinterpretation of focal (5 cases) or diffuse (1 case) signal changes (Fig 6) . Of these, 2 were overcalls. There were misinterpretations in 4 spine MR imaging cases (Fig 6) : a missed pars defect of L5, missed subtle traumatic edema in upper thoracic vertebral bodies, missed sub-endplate signalintensity changes (likely degenerative), and overcall of cord signal-intensity abnormality in the cervical spine (related to artifacts).
Discrepancies by Level of Training
Most (92%) off-hours examinations were interpreted by pediatric radiology fellows during the study period (Table 5) . A much smaller number of examinations were initially interpreted by residents (8%, 281 cases). The overall discrepancy rate for fellows was 3.7% compared with 8.5% (24/281) for residents (residents in their third and fourth years of training had the highest discrepancy rate overall, 11.7% and 14% respectively). The overall discrepancy rate for residents in the first or second year of training was 1.6% (2/123) compared with 12.36% in those in the third and fourth years of residency training. There were statistically significant differences in discrepancy rates comparing residents and fellows, third-and fourth-year residents and fellows, and third-and fourth-year residents and first-and second-year residents (Table 5 ).
Outcomes and Clinical Management Changes
Changes in management or outcome based on the discrepant trainee interpretations are listed in Table 2 . Most errors had no identifiable effect on patient management (68%) or only resulted in watchful clinical follow-up or follow-up imaging without new medical or surgical intervention (30%). In 3 patients (2%), a direct treatment change occurred that was thought to be related to the discrepancy (neurosurgical consultation and extradural hemorrhage evacuation [Fig 2] , ventricular drain placement for enlarging ventricles, and neurosurgical admission for nonemergent subdural drain placement). Of the 4 patients with life-threatening (type 1) discrep-
Fig 1. Type 1 discrepancy (major, life-threatening). A 15-week-old male infant found unresponsive.
A, CT at the time of presentation (top) was initially interpreted by the trainee as a small falcine subdural hematoma and normal brain parenchyma. The staff final report documented bilateral subdural collections with regions of hemorrhages (arrows) and diffuse loss of gray-white matter differentiation consistent with edema/ischemia. B, Follow-up head CT (bottom) 7 hours later demonstrates evolution of diffuse cortical edema consistent with diffuse ischemic injury. At the time of clinician notification of the discrepancy, the patient was already being treated for presumed diffuse brain injury clinically and was on ventilator respiratory support and intracranial pressure management. Further investigation of the clinical scenario coupled with the imaging abnormalities were concerning for non-accidental trauma with a subsequent confession of inflicted injury by a caretaker.
ancies related to misinterpreted brain edema, no direct treatment change occurred related to the final report. Three cases were secondary to missed findings of diffuse brain ischemic injury, and 1 was related to posterior reversible encephalopathy syndrome. In this case, the patient was already admitted and was being treated for hypertension and clinically presumed hypertensive encephalopathy, though follow-up imaging was recommended (type 2 outcome). For the 3 patients with missed diffuse brain ischemic injury, all were admitted by the time of the final report. Diffuse brain edema and ischemic injury had been suspected clinically, resulting in treatment with ventilatory respiratory support and intracranial pressure management.
Discussion
The trainee discrepancy rate for pediatric neuroimaging studies was low at 4.1%. This is similar to that in previous studies that evaluated trainee discrepancy rates for neuroimaging studies performed primarily in adults. The overall trainee discrepancy rates described in studies primarily evaluating adult patients have ranged from 2% to 8% (most commonly 3%-5%). [1] [2] [3] [4] [5] [6] [7] Most of the discrepancies in our study, as in previous reports, were classified as minor.
Concerning the type of findings most commonly missed on pediatric neuroimaging studies, fractures were the most common, occurring in 28 cases and making up 20% of all trainee discrepancies. Missed fractures were also common in some of the studies of adult patients. 1, 5 ICH was the second most common source of discrepancies, occurring in 23 cases and making up 16% of all trainee misinterpretations. Other common misinterpreted findings included focal brain parenchymal abnormalities and misinterpretations of ventricular size. In our experience, multiplanar reformats are an important tool in the interpretation of head CT for trauma, especially in the depiction of subtle extra-axial hemorrhage (Fig 4C, -D) . This technique has been recently documented in the literature 9 and has been adopted as standard protocol at our institution in this patient population.
Overcalls were not uncommon in our series, occurring in 37 cases. The most frequent cause of trainee overcalls was the misidentification of fractures, typically related to asymmetric or accessory sutures. We believe the presence of unfused or partially fused sutures in children may play a role in the high incidence of overcalled fractures. As previously reported in the literature, 10,12 multiplanar 2D and especially 3D reconstructions are helpful for better delineation of an area of questionable skull abnormality, and the use of this technique is emphasized to our trainees in our educational curriculum.
There were only 6 major (life-threatening) discrepancies, for a rate of 0.17%. This low rate of major discrepancies is similar to that in previous studies evaluating trainee misinterpretations. [1] [2] [3] [4] [5] [6] [7] The most common cause of major discrepancies The attending radiologist thought the finding was artifacts, marking this as a discrepancy. The patient was monitored clinically for 24 hours in the hospital with no concerning symptoms and was discharged without a repeat head CT. The patient presented 3 days later with worsening headache and vomiting. B, Repeat head CT demonstrates a large mixed-attenuation posterior fossa epidural hematoma with mass effect in the location of the previously questioned artifacts (arrows). Small foci of bone attenuation are identified, displaced from the inner table (black arrowhead), retrospectively identified on the previous scan (A, white arrowhead). The patient was immediately taken to surgery for evacuation and made a complete recovery with no permanent deficits.
was the misinterpretation of brain edema (4 cases). Misinterpretation in these cases was due to failure in recognizing diffuse (3 cases) or focal (1 case) loss of gray-white matter differentiation. The 3 cases in which diffuse loss of gray-white matter differentiation was missed were the result of diffuse brain edema from hypoxic-ischemic insult. This is an important finding in our study that differs from that in previous studies based primarily on the adult population. Although misinterpretation of brain attenuation has been described as a cause of major discrepancies in some adult studies, 8 those cases were typically the result of focal stroke or vasogenic edema, rather than diffuse brain insult as in our study. Findings of diffuse brain edema can be subtle, 13, 14 and misidentification may result in inadequate or delayed treatment. Although in our study the correct identification of these findings by the staff radiologist did not lead to a specific treatment change on the part of the clinical team because the diagnosis was also suspected clinically, in a different clinical scenario, the misinterpretation could have been much more clinically significant. On the basis of the findings in this study, the imaging appearances of diffuse brain edema/injury on CT should be specifically emphasized during resident and fellow training.
As has been previously suggested, 4 the final interpretation by the staff radiologist was an imperfect criterion standard. A recent study noted an 8.3% discrepancy rate between different board-certified subspecialty-trained neuroradiologists in interpreting outside imaging studies in a tertiary care setting, though only 1.2% were clinically important. 15 In our study, 15 (9.5%) of the reports initially described as discrepancies in trainee interpretation by the original interpreting radiology staff did not harbor a true discrepancy when subsequently evaluated by the 2 expert reviewers. In most of these cases, the faculty essentially restated the trainee interpretation with no change in the original findings or differential diagnosis. In 4 cases (2.8% of reviewed examinations), the expert reviewers disagreed with the initial attending radiologist's interpretation. In 1 important case (Fig 2) , the initial trainee interpretation suggested the correct finding, only to be overruled by the attending radiologist's interpretation. Follow-up CT performed to assess new symptoms showed an enlarging epidural hematoma necessitating surgical evacuation. Because the trainee was not definitive in identifying hemorrhage, as well as the importance of the case, this was classified as a type 1 trainee misinterpretation for the purposes of this study. The most common neuroimaging examination type in which discrepancies were noted was head CT (72%). This is also the most common neuroimaging study performed on offhour shifts. Educational programs aimed at training rotating residents and fellows for off-hour shifts should focus on CT and, in particular, head CT interpretation. Of CT examinations, those of the face and neck had the highest discrepancy rates and should also be emphasized early in trainee education, particularly with regard to fracture patterns and normal variants that may cause diagnostic confusion.
Although the relatively small number of examinations read by resident trainees (versus fellows) in this study and our study design limit our ability to reach definitive conclusions regarding the effect of resident training experience and error rate, there are some significant findings: Third-and fourth-year residents committed more errors (12.4%) than fellows (3.7%) or first-and second-year residents (1.9%) during the study period. This finding is not intuitive, because error rates would be expected to decrease with more experience. Similar traineelevel patterns of discrepancies have been described by other researchers with body CT (major discrepancies) 16 and head CT 5 interpretations. Because of the small number of cases read by residents in this study, bias from sampling error cannot be discounted as a cause.
Independent reading cannot be assured in all cases interpreted by trainees in our study. Fellows and residents in our institution share the same reading room and are on call at the same time, and the fellows can be easily consulted on cases before dictation. It may be that the first-and second-year residents seek out second opinions from the fellows more commonly than the third-and fourth-year residents who are more confident in their ability to read independently. Experience in pediatric-specific imaging is still relatively limited for most residents during training, and pediatric rotations are commonly interrupted by many months of nonpediatric imaging. It seems reasonable to have residents of all training levels undergo basic pediatric neuroradiologyϪspecific training, focusing on commonly misinterpreted findings, before each rotation throughout their training. Building an educational curriculum around common errors has been shown to improve trainee performance, 9, 17 and continued diligence in resident training with feedback on commonly missed findings is important to help limit these errors.
Concerning patient management and outcome, 98% of the discrepancies noted in this study had either no effect on clinical management or outcome or had no direct treatment change but did lead to imaging or clinical follow-up related to the discrepancy. There was no permanent harm related to the discrepancies and no directly related mortality. Some of the misinterpretations in a different clinical scenario could have had a more direct and significant impact on outcome (diffuse edema, missed epidural hematoma). Although they were small in number in our study, the performance of unnecessary follow-up imaging examinations based on a misinterpretation adds to the cost of medical care and, in the case of CT, adds an additional risk of unnecessary exposure to ionizing radiation.
We recognize some limitations to our study, in addition to those described above. First, the identification of a report as discrepant is dependent on the faculty using the official macro a The combined discrepancy rate for residents was 8.54% (95% CI, 5.09%-11.99%). The combined discrepancy rate for first-and second-year residents was 1.94% (95% CI, 0.0%-5.08%). The combined discrepancy rate for third-and fourth-year residents was 12.36%, (95% CI, 7.24%-17.48%). There were statistically significant discrepancy rates comparing residents and fellows, third-and fourth-year residents and fellows, and third-and fourth-year residents and first-and second-year residents.
for changing preliminary reports. Faculty use of this process is randomly audited as part of our quality assurance process and has demonstrated high compliance during the past 2 years. Second, the assessment of outcome was subjective, based on chart review and the best clinical judgment of the expert reviewers. Although this type of assessment can potentially lead to bias, every effort was made, by detailed chart review, to accurately identify any changes in clinical management based on the misinterpretation. Although it has some limitations, this method is practical and is similar to that in previous studies of trainee misinterpretations.
1,4
Conclusions
The discrepancy rate of trainee interpretation of pediatric neuroimaging studies is low at 4.1% and similar to the rates described in adult imaging series. [1] [2] [3] [4] [5] [6] [7] Most of the discrepancies occurred in the interpretation of pediatric head CT. The rate of major life-threatening discrepancies was very low at 0.17% and was related to misinterpretation of diffuse cerebral edema or ICH. The overwhelming majority of discrepancies had either no or minimal effect on clinical management. The most common findings associated with minor discrepancies included misinterpretation of fractures, ICH, ventricular size, and focal brain parenchymal abnormalities. CT studies of the face, orbits, and neck had the highest rate of discrepancies. Education programs aimed at improving trainee performance in the off-hour interpretation of pediatric neuroimaging studies should be aimed at those specific findings that are either commonly missed or are sometimes missed and potentially life-threatening.
